Cells of Saccharomjces cerevisiae exhibiting respirative glucose metabolism in continuous culture were able to use ethanol as a co-substrate. The ethanol uptake rate was dependent on the residual respirative capacity of the cells. The activities of gluconeogenic enzymes and of malate dehydrogenase were higher in cells degrading glucose respiratively than in cells metabolizing glucose respiro-fermentatively, but were lower than in cells growing on ethanol only. The pattern of distribution of the mitochondria1 cytochromes was similar but the differences were less distinct. In synchronously growing cells, the activities of gluconeogenic enzymes and of malate dehydrogenase oscillated, with activities increasing during the budding phase. The increase was preceded by the appearance of ethanol in the culture medium.
INTRODUCTION
The growth of Saccharomyces cerevisiae in batch culture with glucose as the carbon source is characterized by two growth phases. In the first growth phase glucose is utilized with the concomitant production of ethanol, which is subsequently oxidized in the second growth phase . This growth behaviour was explained at the molecular level by a repression/derepression mechanism of respirative pathways, since in the presence of glucose major differences in the activities of enzymes of the tricarboxylic acid cycle (Polakis et af., 1965) , and the glyoxylate shunt (Barnett & Kornberg, 1960) have been observed. When glucose served as carbon source for the cells, additional enzyme systems were found to be repressed, including gluconeogenic enzymes (Gancedo et al., 1965; Witt et af., 1966; Gancedo & Schwerzmann, 1976 ), a-glucosidases (W ij k et af., 1969) , and invertase (P-fructofuranosidase) (Gascon et al., 1968) . By analogy with a comparable phenomenon in bacteria the term catabolite repression (glucose repression), introduced by Magasanik (1961) , was used to describe the effect of glucose in yeasts, although the mechanism is generally assumed to be different from the cyclic AMPmediated process in E.scherichia coli (de Crombrugghe & Pastan, 1978) .
Continuous culture studies with S. cereuisiae have shown that the respirative breakdown of glucose is possible at low dilution rates in a glucose-limited chemostat (Beck & von Meyenburg, 1968) . The activities of several enzymes changed depending on the metabolic conditions.
More recent continuous culture studies (Rieger et af., 1983; Petrik et af., 1983) , have suggested that the regulation of glucose metabolism in yeasts of the genus Saccharomyces is based on the limited respirative capacity of the cells. Up to a certain dilution rate, oxygen uptake rate was linearly related to the growth rate of both S. cerecisiue and S. uvarum (Rieger et al., 1983; Petrik et al., 1983) and glucose was degraded respiratively (respirative glucose metabolism). At a species specific dilution rate, oxygen uptake levelled off and a branched glucose metabolism with ethanol formation occurred (respiro-fermentative glucose metabolism In this paper we report on the co-utilization of glucose and ethanol by S . cerevisiue in continuous culture. Mitochondria1 cytochromes were assayed, together with three enzymes -PEPCK, FBPase and MDHthat are strongly repressed by glucose in batch culture. The results obtained from S . cerevisiae degrading glucose respiro-fermentatively were compared with those obtained from S . cerevisiae metabolizing glucose entirely respiratively, or growing on ethanol only.
M E T H O D S
Cultivation conditions. S . cereuisiae H1022 (ATCC 32167) was used in all experiments. Since respirative glucose metabolism can be achieved only in continuous culture all experiments were done in a chemostat. The growth conditions and equipment were identical to those used by Rieger et al. (1983) . The dilution rates used are indicated in the legends of the table and the figures. The medium contained either 3% (w/v) glucose or 2.3% (w/v) ethanol as carbon source : the lower concentration of ethanol compensates for the higher carbon content of ethanol as compared with glucose.
Pulse experiments. The co-substrate ethanol was added with a syringe to continuously growing cells with glucose as carbon source. During the experiment the cells used both glucose and ethanol simultaneously, since medium feed was not interrupted. The final concentration of ethanol was 3 g I-'. It follows that a theoretical biomass increase of 2.2 g 1-' could occur [ YxlFIOI, 0.72 g dry cell weight (g ethanol)-']. Because the medium supply was continuous an actual biomass increase of < 1.5 g I-' occurred, which is < 10% of the biomass resulting from the utilization of glucose (1 5 g 1-I).
The ethanol uptake rate ( 4 t 1 O H ) was calculated as follows:
/dt was determined graphically as the slope of the ethanol concentration curve (graphic regression). Preparation of cell extracts. Cells (3-5 g wet weight) collected from the bioreactor were centrifuged and washed with 50 mM-phosphate buffer, pH 7.5. The pellet was resuspended in the same buffer together with glass beads (0.02 -0.05 mm in diameter). The mixture was ground for 40-50 s using a handmixer equipped with a notched disk. The glass beads were removed by filtration through a sintered glass frit. From the filtrate, cells and cell debris were removed by centrifugation at 15000g for 10 min. All manipulations were carried out at 4 "C.
Measurement yf cytochrome contents and enzyme nctiiities. Cytochrome contents were calculated according to Petrik et al. (1983) from the reduced minus oxidized difference spectrum of whole cells.
PEPCK was measured according to Hansen et al. (1976) . For FBPase the assay of Gancedo & Gancedo ( I97 I ) was used. MDH activity was analysed according to Flury et al. (1974) . Specific activites of the PEPCK and the FBPase are expressed as nmol substrate converted min-l (mg protein)-', that of MDH as pmol substrate converted min-' (mg protein)-'.
Protein was measured with a Bio-Rad protein assay kit, with bovine serum albumin as a protein standard. Product analyses. Ethanol in the culture liquid was analysed according to Rieger et al. (1983) . The carbon dioxide and oxygen concentration of the exit gas was monitored using a gas analyser (Bioengineering AG, Wald, Switzerland). Oxygen uptake and carbon dioxide production rates were calculated according to Gniiinder et nl.
( 1 98 1).
R E S U L T S
From continuous culture experiments it became obvious that S . cereiisiue has a branched pathway for glucose breakdown (Rieger et ul., 1983) . At low glucose feed rates in continuous culture, glucose was metabolized purely respiratively. At high feed rates, ethanol was produced by the cells. The breakdown of glucose was respiro-fermentative. It was hypothesized that the type of glucose metabolism is governed by the respiratory capacity of the cells (Rieger el nl., 1983) . In order to substantiate this hypothesis ethanol, a substrate that can only be metabolized respiratively, was added to a culture of S . cerezyisiue which was degrading glucose respiratively (Fig. 1 ). The addition was made at different dilution rates, i.e. at different remaining respirative capacities of the cells. From the decrease with time of ethanol concentration in the culture medium, ethanol uptake rates (qEtOk,) were calculated taking into account the amount of ethanol being washed out by the continuous medium flow. The experiments showed the following. ethanol uptake rate on the residual respirative capacity: the higher the residual respirative capacity, the higher the ethanol consumption rate of the cells.
(3) The final oxygen uptake rate of the cells was independent of the dilution rate at which the ethanol was added (Fig. 1) . It reached 7-7.5 mmol g-I h-l, which was only slightly below the maximum of 8 mmol g-l h-] obtained in a glucose chemostat (Rieger et al., 1983) . No appreciable acetate formation was observed after the ethanol pulse, which contrasts with the acetate formation observed after giving a pulse of glucose to respiratively growing cells (Petrik et al., 1983) . Because these results and results from mixed substrate cultivations (Rieger et al., 1983) show that ethanol is assimilated by cells respiratively degrading glucose, the question arose as to the regulation of gluconeogenic enzymes, since they are supposed to be repressed when glucose serves as the substrate. Therefore, the activities of key enzymes of gluconeogenesis were determined together with the mitochondrial cytochrome contents of cells of S . ceretiisiae respiratively degrading glucose, and were compared with those of cells grown under other physiological conditions.
Asj-nchronousl)? growing cells
The mitochondrial cytochrome content of cells of S. ceretlisiae was higher, on average, in cells degrading glucose respiratively than in those metabolizing glucose respiro-fermentatively (Table 1 ). The differences in cytochrome contents were greater when cells of higher respirative growth rates were used (e.g. D = 0.20 h-I) because steady-state cytochrome contents of the cells are dependent on the growth rate, as shown for S . uzwrum by Petrik et al. (1983) . The cytochrome content of cells metabolizing glucose respiratively was only slightly lower than that of ethanolassimilating cells growing at the same dilution rate (Table 1) .
The activities of two key enzymes of gluconeogenesis, PEPCK and FBPase, were highest in cells grown on ethanol and lowest in cells degrading glucose respiro-fermentatively. Cells with respirative glucose metabolism had activities between the two extremes (Table 1) . Similar results were obtained for MDH, an enzyme that takes part in several metabolic pathways and is strongly repressed by glucose (Haegele et al., 1978) .
Synchrorzously growing cells The strain of S . cerevisiae used in this study had a tendency for self-synchronization when glucose was metabolized respiratively. Therefore, all enzyme activities and cytochrome contents were recorded during a division cycle.
Oxygen uptake rate and carbon dioxide production rate showed the typical pattern of a synchronized culture (Fig. 2) established by von Meyenburg (1969) . It is noteworthy that in each cycle ethanol was produced by the cells (Fig. 2) at the beginning of the cell division cycle, although oxygen partial pressure was never below 60% of air saturation; this coincided with the mobilization of internal carbohydrate reserve material (Kuenzi & Fiechter, 1969) .
The content of mitochondrial cytochromes did not change significantly during the cell cycle of the synchronously growing culture. However, the three enzymes assayed exhibited considerable changes of activity in the course of the division cycle (Fig. 3) . For all three enzymes, activities increased as the reproducing phase started and decreased when the cells entered the resting phase of the cell cycle. The activity determined in asynchronously growing cells represented an average value of the peak activities (Fig. 3) , which indicates that a synchronous culture yields a more differentiated picture of enzyme regulation in cells than does an asynchronous culture.
.
DISCUSSION
Respirative glucose metabolism by Saccharomyces-type yeasts can only be obtained by controlling the glucose feed rate in a continuous cultivation system. By thus providing a number of unique and controllable steady-state environments many questions concerning metabolic regulation have been answered. In a series of continuous culture experiments Rieger et al. (1983) established a limited respiratory capacity as the basis for the branched pathway of glucose breakdown exhibited by S . cereuisiae at high dilution rates in continuous culture. The results of ethanol pulse experiments reported here (Fig. 1 ) support this concept. Pulsing ethanol to a glucose-utilizing culture growing at a low dilution rate yielded higher ethanol uptake rates than did pulsing ethanol to faster growing cells. The rate of ethanol uptake by cells respiratively degrading glucose was limited by the residual respiratory capacity of the cells. Respiratory capacity represents a bottleneck for respirative substrate utilization. The more respirative capacity is occupied by glucose the lower ethanol uptake rates become, as the pulse experiments indicated.
Cells degrading glucose respiratively had lower cytochrome contents and markedly lower activities of the gluconeogenic enzymes PEPCK and FBPase than did ethanol-grown cells. However, the cytochrome contents and enzyme activities of the former were significantly higher than in cells with respiro-fermentative glucose metabolism (Table 1) batch-grown cells (Gancedo & Schwerzmann, 1976) and may well account for the immediate utilization of the co-substrate ethanol. It seems that the degree of enzyme expression is not only the result of the presence or absence of an effector but also depends on metabolic rates. Beck & von Meyenburg (1968) made similar observations for enzymes of the tricarboxylic acid cycle and the glyoxylate bypass. In any case, seemingly unnecessary enzymes are expressed under particular conditions in continuous culture, which means that in this cultivation system gene expression is more universal than in batch culture. Therefore, in continuous culture properties are expressed that are never manifest in batch cultures or appear only transiently. Microbial gene expression seems to be influenced by cultivation conditions, which is an important observation in view of biotechnological applications of microbial systems. The oscillation of enzyme activities in the synchronous culture probably results from the short-term ethanol production by the cells at the beginning of the budding phase. In asynchronously growing cells, ethanol concentration in the culture liquid remains below the detection limit of approximately 5 mg 1-l. Nevertheless, during the cell cycle of an individual cell, ethanol is produced, but is then taken up by adjacent cells which are in other phases of the cell cycle.
Synchronization of cells degrading glucose respiratively was described by von Meyenburg (1969) and seemed to be induced by dilution rate shifts. In our experience spontaneous synchronization occurs mainly when the continuous culture is started after a batch culture.
Although the reason for spontaneous synchronization is not known, the particular metabolism of Succharomyces-type yeasts seems to be the basis. We have regularly observed synchronization with yeasts of this genus when glucose was degraded respiratively (0. Kappeli, unpublished data). The production of ethanol during the cell cycle may represent the signal for synchronization. This is supported by the fact that synchronization is easily obtained and maintained in a well-mixed bioreactor (Meyer & Beyeler, 1984) . Furthermore, synchronization could be prevented by lowering the stirring intensity of the bioreactor used in this study. The dependence of synchronization on the homogeneity of the reactor content indicates that an extracellular component could be responsible for the triggering of synchronous growth.
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